The gene loci for adrenal hypoplasia congenita (AHC) and glycerol kinase deficiency (GK) map in Xp21 distal to Duchenne muscular dystrophy (DMD), and proximal to DXS28 (C7), by analysis of patient deletions. We have constructed a yeast artificial chromosome (YAC) contig encompassing a 1.2 Mb region extending distally from DMD, and containing DXS708 (JC-1), the distal junction clone of a patient with GK and DMD. A pulsed-field gel electrophoresis map of the YAC contig identified 3 potential CpG islands. Whole YAC hybridization identified cosmids both for construction of cosmid contigs, and isolation of single copy probes. Thirteen new single copy probes and DXS28 and DXS708 were hybridized on a panel of patients; the deletion mapping indicates that the YAC contig contains both GK and at least part of AHC, and together with the physical map defines a GK critical region of 50-250 kb. In one AHC patient with a cytogenetically detectable deletion we used the new probes to characterize a complex double deletion. Nonoverlapping deletions observed in other unrelated AHC patients indicate that the AHC gene is large, extending over at least 200-500 kb. This mapping provides the basis for the identification of the AHC and GK genes.
INTRODUCTION
The Xp21 contiguous gene deletion syndrome of glycerol kinase deficiency (GK), adrenal hypoplasia congenita (AHC) and/or Duchenne muscular dystrophy (DMD) results from deletion of physically linked loci in chromosome band Xp21. Patients with Xp21 deletions will exhibit the combination of independent phenotypes corresponding to loss of individual critical genes in the deleted DNA segment. By cytogenetic and molecular analysis of patient deletions, the genes underlying AHC and GK have been positioned in Xp21.3-Xp21.2, between the 3' end of the DMD locus and the distal group of probes LI -4 (DXS68) -B24 (DXS67) -C7 (DXS28), (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . This group of DNA probes had been described in conflicting orders when based on patient deletions (1, 12, 14) , and on genetic linkage data (15) . However, the order Xpter-DXS68-DXS67-DXS28-Xcen is defined by three independent reports, involving: i) reanalysis of deletion data and analysis of a new informative deletion (16) ; ii) fluorescent in situ hybridization of interphase nuclei (17) ; and iii) YAC contig data (18) , all in agreement with published pulsed-field gel electrophoresis (PFGE) studies on genomic DNA (19, 20) . Thus the AHC and GK gene loci map in the region between DXS28 (C7) and the 3' end of the DMD gene. Until recently, just one probe had been accurately placed in this interval with respect to the published order: probe JC-1 (DXS708), the distal junction fragment of a patient with GK and DMD but not AHC (21) . DXS708 therefore maps proximal to AHC, and either within or distal to GK. Long range PFGE studies revealed that JC-1 detects fragments of approximately 3.5 Mb and 4.2 Mb in partial BssH II digests from a 48, XXXX cell line; these large fragments are not detected by DXS28 (C7), or by DXS268 (J66) in the 3' end of the DMD gene (21) . Thus the interval containing the AHC and GK genes is indicated to be at least 4 Mb in size. More recently, two new probes YHX39 (DXS727) and QST59 (DXS319) have been placed in this large interval, and a third probe FT1 (DXS726) has been mapped within 10 kb of the 3' end of the DMD gene. (22) . Both DXS727 and DXS319 were deleted in a patient with AHC only, indicating that they are distal to GK and close to the AHC locus. An additional patient with AHC, GK and DMD was found to have DXS28 and DXS727 present, but DXS319 absent, defining the order of these new probes as Xpter-DXS28-DXS727-DXS319-DXS726-DMD-Xcen (22) .
Alu-3144
Alu-3143 Table 1 . Mapping of cosmid clones identified with YAC DMD 3'-23. We have employed a large insert YAC library (23) to link physically the 3' end of DMD to DXS708 (JC-1). Cosmid, phage, plasmid and Alu-PCR probes derived from the YACs have been used to construct a physical map. Hybridization of 13 new single copy probes and DXS28 and DXS708 to a panel of 20 patient DNA samples indicates that the YAC contig contains the whole of the GK gene, and also at least part of the AHC gene. The physical map and deletion results together define mapping intervals for these genes.
RESULTS

Mapping of Alu repeat primed PCR probes
The most distal YAC of the previously described 3.2 Mb DMD YAC contig (24) was DMD 3'-23 (890 kb), which we demonstrate contains both the 3' end of the DMD gene and DXS708 (JC-1), and therefore must contain at least part of the GK gene. Two pools of Alu PCR products were amplified from 3'-23 using two independent primers, 3143 and 3144 (see Methods). Each pool was mapped by hybridization to Hind UJ digests of the 10 most distal YACs of the DMD contig (24) , spanning and extending beyond the 3' end of the DMD gene ( Figure 1 ). The Alu 3144 pool of PCR products identified strongly hybridizing bands in the cognate YAC DMD 3'-23, plus The 29 viable cosmids which contained genomic inserts are listed. + denotes hybridization of the indicated probe with the cosmid DNA spot on the ICRF flow sorted human chromosome X gridded cosmid library filters. Rare cutting (RC) enzyme sites are: B, BssH II; E, Eag I; N, Not I; -, none of these sites; nt, not tested. *denotes cosmid selected for isolation of unique subclones; **identifies the 2 overlapping cosmids containing a Not I site. Twenty three of these 29 cosmids (79%) have been tested and confirmed to map back to YAC 3'-23. 4 other YACs: 3'-19, 21, 22 and 24, but did not identify the DMD region control YACs, 3'-20 and 3'-17. From the physical map of the DMD contig (24) , these Alu 3144 products map distal to DMD within the region approximately 250-450 kb from the proximal (DMD) end of the YAC. In contrast, the Alu 3143 pool detected strongly hybridizing bands in the cognate YAC 3'-23 and 3'-21, these being two of the three YACs extending furthest distally from the DMD gene. The third YAC, 3'-22, did not hybridize due to a probable distal chimeric insert. The Alu 3143 pool of PCR products was therefore identified as mapping in the distal 500 kb of YAC 3'-23. The two pools of Alu PCR products were used in mapping the cosmids, identified by whole YAC hybridization, so that cosmids spanning the length of 3'-23 were chosen for subcloning. given in Table 1 Table 1 ), and the single cosmid unique to YAC 7023 (cosmid 7023-1A), were selected for isolation of single copy probes. The right (distal) end of DMD YAC 3'-19 was isolated as a phage clone, and a probe (19RB3) was isolated from it as a unique subclone. A probe was also isolated from a cosmid (4965) identified by the vectorette PCR product amplified from the left (distal) end of the 660 kb JC-1 YAC 7072, representing the most distal extent of the YAC contig.
Chacterization of cosmids and isolation of probes
Physical map of the YAC contig
The newly isolated JC-1 YACs 7072 and 7023, and distal YACs from the 3.2 Mb DMD contig (24), 3'-23 and 3'-19, were subjected to partial digestion with Sfi I, Not I, BssH II and Eag I, and mapped by PFGE (Figure 2 ). Three potential CpG islands, containing 3 or more rare cutting enzyme sites, were observed: one immediately distal to JC-1, and two separated by 50 kb, approximately 30 kb distal to the PFGE fragment hybridizing with the 3' end of the DMD gene. These CpG islands and other rare cutting enzyme sites observed consistently in all YACs spanning a particular site were used to construct a consensus physical map of the contig. This defined the maximum extent of the contig from 3'-19 to 7072 as 1.2 Mb, extending the 3.2 Mb DMD contig (24) to 3.5 Mb. Some sites were observed only in one YAC, and these are shown in Figure 2 only on that YAC (see Discussion). Fourteen new subclones plus JC-1 and DMD 63-la were mapped according to their hybridization to PFGE fragments ( Figure 2 ). D numbers have been assigned to one probe from each cosmid contig distal to the DMD locus (see the legend to Figure 2 ).
Deletion mapping
The patients with deletions are listed in Table 2 , with their disease phenotype (4, 7, 8, 10, 21, (27) (28) (29) (30) and hybridization results for C7, JC-1 and the new subclones. Four new deletions were detected which would not have been seen with C7 and DMD probes. A deletion was detected in all (5/5) unrelated patients with the phenotype AHC-GK-DMD, in all (3/3) unrelated patients with AHC-GK, and in the single patient with GK-DMD. In contrast, a deletion was detected in 2/7 (29%) of unrelated patients with isolated AHC; no deletion has yet been detected in the single patient with isolated GK.
Patient BEN was observed to have a complex double deletion: a distal deletion encompassing 4965-5, 1A-1 and 1A-5 and a second proximal deletion encompassing 25-1, JC-1 and 8-5 ( Figure 3 ). DXS28 was not deleted. The double deletion mapping was confirmed on 3 separate blots. Further probes will need to be isolated between C7 and 4965-5 in order to map the distal deletion breakpoint accurately. The distal and proximal deletions are separated by 60-230 kb of DNA, and the proximal deletion spans 50-100 kb. Non-overlapping deletions were observed in other unrelated AHC patients (AM, GJ versus MC; Figure 3) , indicating that the AHC gene is large, extending at least between 4965-5/1 A-1 and 25-1, a region of 200-500 kb.
A minimum mapping interval is defined by patient deletions to contain at least part of the GK gene. This GK critical region is defined distally by patient 1477 (JC), and proximally by BEN, AS, MC, CC and JH (Figure 3) . The GK critical region therefore extends from JC-1 to 8-5/19RB3, a region of 50-250 kb.
Probe 13-7 (DXS1076) was found to detect a frequent Hind IH polymorphism (alleles 2.6 kb (frequency 0.47) and 0.9 kb (0.53), 57 X chromosomes tested). Figure 4 illustrates hybridization of probes 13-7 and 8-5 together on Hind UII digests of normal controls and patient DNA, showing the 13-7 polymorphism. Mendelian segregation of the 13-7 alleles through a 3-generation AHC family was observed (11 individuals tested), so that 13-7 can be used for concurrent analysis of deletions and polymorphism in AHC families, and as a distal flanking marker for DMD.
DISCUSSION
Physical map of the AHC-GK region
The 890 kb YAC DMD 3'-23 was observed to contain DMD Hind III exon-containing fragments and DXS708 (JC-1), demonstrating physical linkage of these two loci for the first time. This physical linkage of loci is consistent with the observation that some GK patients have deletions of the DMD gene (8, 9, 11) . JC-1 mapped on the 50 kb Sfi I fragment between the potential CpG islands located at 900 kb and 850 kb of the consensus map (Figure 2 ), corresponding to Sfi I sites J and J' of the long range physical map (24, 26) . This is in agreement with studies on genomic DNA, where JC-1 was observed on a Sfi I fragment of approximately 80 kb (21) .
Three potential CpG islands were observed in the YACs. More rare cutting enzyme sites are observed in hypomethylated YAC DNA propagated in yeast than in human genomic DNA. The relationship of sites seen in YACs and in genomic DNA remains to be fully elucidated; however, the Sfi I sites J, J' and the site at 500 kb of the YAC consensus map are in agreement with published data on sperm and leukocyte DNA (21, 26) . Preliminary data indicates that in DNA from a 48, XXXX lymphoblastoid cell line, at least the CpG island at 900 kb of the consensus map is partially digested (unpublished observations). These CpG islands therefore represent candidate regions to search for potential 5' coding sequences (31) , in order to identify the AHC and GK genes.
A number of discrepancies were observed in the detection of rare cutting enzyme sites in overlapping YACs. Possible explanations for these discrepancies include chimeric YAC inserts or rearrangement events, polymorphisms, and the reproducibility of partial digestion of rare-cutting enzymes on large YACs. The regions showing such inconsistencies were the proximal (right arm) 200 kb of 3'-23; possibly a very small (< 50 kb) chimeric or rearranged insert at the proximal end of 3-19, which shows 
Complex deletion of patient BEN
Patient BEN (AHC, GK) and his mother have an interstitial deletion involving Xp21^2 and possibly Xp21.3, detected on ' T pr6metapliasi'chr6m*os6mes (27)-The chromosomal deletion was found only upon high resolution chromosome banding. No molecular deletion was detected after hybridization of 11 probes from Xpil.2, including the DMD locus (27) . Here we detected the proband's deletion at the molecular level using the new a double deletions Such a complex double deletion has been described previously in a DMD family, where 2 brothers, 1 affected and 1 unaffected, and their mother, displayed deletion of DMD intron 7 probes XJ10.1 and XJ1.1 (DXS208). Only the affected brother displayed a second deletion detected with DMD cDNA 44-1 (32). It was proposed that the DXS208 deletion in one of the mother's X chromosomes may have contributed to the second unique deletion in the affected DMD male. A double deletion and translocation has also been reported on the Y chromosome (33), and 2 deletions separated by a > 110 bp inversion have been characterized in the Xq28 red/green colour pigment gene in an adrenoleukodystrophy patient (34) . It will be interesting to characterize the deletion in the mother of AHC-GK proband BEN at the molecular level.
Certainly the origin of such double deletion events may be complex.
The GK critical region
The DNA of patient 1477 (JC) was used as a reference, by which probes could be mapped relative to the distal deletion breakpoint, isolated as probe JC-1 (DXS708). The proximal breakpoint of this deletion has been mapped between exons 42 and 43 (Hind III fragments 30 and 31) (21), within the DMD gene. Therefore, probes derived from YAC 3'-23 which are deleted in the DNA
8-5
13-7 upperin unrelated DMD patients was an early indication that the DMD gene is large (35) . The complete DMD gene has now been mapped by PFGE to span approximately 2400 kb (14, 19, 20, 26, 30, (36) (37) (38) . The AHC gene is located between DXS28 (C7) and 25-1, a region estimated at approximately 3000 kb. Isolation and mapping of new probes in the interval between C7 and 4965-5 will be important to test AHC patients for distal deletions. The map presented here provides the basis to identify the genes for AHC and GK, by characterization of CpG island regions, and by searching for coding sequence within the defined critical regions. In this hunt for exons, sequence analysis, cross-species hybridization using both single copy and whole cosmid probes, and exon amplification procedures (39) should lead ultimately to the identification and cloning of the GK and AHC genes. of patient 1477 are proximal to JC-1; if present, the probe must be distal to JC-1 ( Figure 3 ). This allowed 25-1 to be localized distal to JC-1 (Table 2) ; these probes could not be resolved by PFGE mapping (Figure 2 ).
13-7 lower-
The AHC and GK genes were previously known to flank DXS708, and were localized within a genomic region of 4 Mb. The patient deletions and physical map described here permit more accurate localization of a critical region for each gene, defined as the minimum region which must contain at least part of the gene. This will allow targeting of subsequent searches for coding sequence to those regions known to contain exons. The GK critical region is flanked distally by JC-1 and proximally by 8-5/19RB3, a region of 50-250 kb.
Extent of the AHC gene
Deletions were detected in all 9 independent patients with a complex phenotype of at least 2 diseases, reflecting the presence of relatively large deletions (Table 2 ). In contrast, a deletion was detected in only 2/7 independent patients with a single disease, either GK or AHC. This low frequency of deletion detection in patients with a single disease may result from small gene deletions, possibly removing only part of the gene, or from point mutations. In the case of AHC, it is also possible that the gene may extend further distally beyond our most telomeric probe; isolation of further distal probes will be important to investigate this possibility.
Non-overlapping deletions were observed in unrelated AHC patients, indicating that the AHC gene is large, extending over at least 200-500 kb. The finding of non-overlapping deletions
MATERIALS AND METHODS
YAC library screening and YAC DNA preparation
The ICRF Human YAC Reference Library was screened with probe JC-1 (DXS7O8) (21) by colony hybridization (23) . Positive yeast clones were streaked onto selective agar plates (-uracil, -tryptophan). Isolated colonies were inoculated into selective medium (-uracil, -tryptophan) for preparation of chromosomes in agarose blocks (23, 40) .
Alu repeat primed PCR probes
YAC DMD 3'-23 (24) was used as template for Alu repeat primed PCR, using either 5' Alu primer 3143 (H.Lehrach, unpublished) or 3 Alu primer 3144 (41) . Approximately 100-200 ng total DNA was amplified using reaction conditions as described (41) . PCR products were analysed on ethidium bromide stained 1 % agarose, 1 % NuSieve (F.M.C.) gels and shown to contain 3 to 4 products, ranging from 0.3 to 2 kb. No amplification was observed from yeast DNA template or from no DNA controls. The pools of Alu PCR products were separated from Alu primers over Qiagen (Hybaid) columns, and approximately 50 ng DNA was radioactively labelled (42) . The labelled Alu PCR products were denatured and preannealed by addition of sheared total human DNA (Sigma) to 2.5 mg/ml, and SSC to 5xdenaturation at 100°C for 10 min, ice for 1 min, and incubation at 65°C for 120 min (Cot = 300 mg.min/ml). The preannealed probes were hybridized to Hind III digests of YACs and to the ICRF flow sorted human chromosome X cosmid reference library (25) . The filters were incubated for 18 h in prehybridization solution (23) plus 100 /ig/ml sheared total human DNA, and hybridized with labelled Alu PCR fragments in the same solution without human DNA. Blots were washed twice for 30 min in 4 x SSC at room temperature, and twice for 30 min in 0.1 xSSC, 1 % SDS at 65°C, and exposed to X-ray film for 1 -4 days at -70°C.
Whole YAC screening of cosmid library DMD 3'-23 and JC-1 7023 YAC DNAs were purified from yeast chromosomes on 1.1 % SeaPlaque (F.M.C.) low melt agarose, 0.5 XTBE gels, under appropriate PFGE conditions. The gels were stained with ethidium bromide, and the YAC DNA band was excised under long wave U.V. light. Agarose was removed by digestion with agarase (Sigma) according to the supplier's protocol, followed by phenol-chloroform extraction and ethanol precipitation. Whole YAC probes were labelled and hybridized to cosmid library filters (43) .
Subcloning of cosmids
Cosmids were digested with Hind III, subcloned into Hind IN digested and phosphatased Bluescript, and transformed into competent XL 1-Blue cells (Stratagene). Fragments not hybridizing with total human genomic DNA were selected as probes. When no unique Hind HJ fragment was obtained, the subclones were subjected to double digests of Hind III with EcoR I, BamH I, Bgl II, Pst I and Xba I.
Construction of a phage library from YAC DMD 3'-19
A phage library was prepared from a partial Mbo I digest of DMD YAC 3'19 and BamH I and EcoR I digested EMBL 3 vector DNA (Stratagene), according to the Stratagene protocol. Packaging was performed using freeze thaw lysate and sonic extract (Gigapack Gold II, Stratagene). The phage library was plated on P2392 host strain, and filter lifts were prepared on Hybond N + membrane (Amersham) by the manufacturer's protocol. The phage library filters were hybridized with vector left and right probes, prepared directly by PCR amplification of pBR322 sequences in pYAC4 template DNA (44) to identify the phage clones corresponding to the left and right ends of the YAC. The right arm phage was plaque purified and DNA was extracted (45) , for subcloning and identification of non-repetitive probe fragments.
Vectorette PCR
The left end of YAC 7072 was isolated by Hind III vectorette PCR (46) . The 200 bp product was cloned into Bluescript (Stratagene) and transformed into competent XL-1 Blue cells (Stratagene), and the purified insert was used to screen the ICRF flow sorted human chromosome X cosmid reference library (25) , identifying 2 cosmids. One of these (cosmid 4965) was subcloned as described to yield unique probe 4965-5.
Partial digestion mapping of YACs
Approximately 170-340 ng total DNA was digested with 30, 5, 1 and 0.1 units ofSfil, Not I and Eag I, and 12, 1, 0.1 and 0.001 units of BssH n (New England Biolabs), in a final volume of 200 ji\ of T4 DNA polymerase buffer (45) . The reaction mixtures were preincubated at 4°C for 18 h, and DNA was digested for 30 min at 50°C (Sfi I) or 37°C (all other enzymes). The reaction was stopped by the addition of 8 yA 0.5 M EDTA, pH 8.0, on ice. The digested DNA was size-fractionated in 1% agarose gels, 0.5XTBE, on a CHEF DR n (Bio-Rad) apparatus at 170 V with switch times of 25 s for 18 h, 60 s for 15 h and 100 s for 5 h. Gels were alkali-blotted to Hybond N + membranes (Amersham), neutralized and air dried before hybridization sequentially with pBR322 left and right arm probes (44, 47) and the new single copy probes. Blots were washed as described above.
Patients
Twenty male patients from 18 families were studied ( Table 2) . Lymphocyte or lymphoblastoid cell line DNA (5 /tg) was digested with Hind III in T4 DNA polymerase buffer (45) for 18 h at 37°C, size fractionated on 1 % agarose gels, blotted to Hybond N + membranes, and hybridized and washed as described above.
